Several recent postmortem studies suggest an increased prevalence of atherosclerosis in young habitual cocaine abusers. However, little is known about the effects of cocaine abuse on the vascular endothelium and its relationship to atherosclerosis. Therefore, the consequence of chronic administration of intravenous cocaine on the induction of aortic sudanophilia was examined. Male New Zealand White rabbits were fed a 0.5% cholesterol diet for 10 wk. During this period, animals were randomized to receive either cocainehydrochloride (0.25 mg/kg) intravenously (n = 17) twice daily; or an equivalent volume of 0.9% physiologic saline, control group (n = 16). Mean values for total circulating leukocytes and platelets and total plasma cholesterol and triglycerides were similar in both groups throughout the protocol. At the completion of the study, aortic sudanophilia was measured and expressed as a percentage of regional involvement (R1 = proximal 4 cm, R2 = middle 6 cm, and R3 = distal 10 cm). Statistical significance among groups was achieved in the proximal thoracic aorta (p = 0.057). No significant differences in sudanophilia were noted in the middle and distal segments. When animals were placed in subgroups according to percent total plaque involvement, there was a significant increased distribution of rabbits with a greater extent of sudanophilia in the cocainetreated group as compared with control (p = 0.01, chi-square analysis). Immunocytochemical studies using the macrophage-specific and muscle actin-specific monoclonal antibodies demonstrated that sudanophilic areas in both groups were predominantly composed of macrophage-derived foam cells. Evaluation of plaque morphology showed an increase in intimal plaque thickness and in the number of macrophages and smooth muscle cells in cocaine-treated animals; however, group differences were not statistically significant.
INTRODUCTION
The number of cocaine-related hospital emergencies is increasing, which, in a considerable number of cases, results principally from cardiovascular complications (38, 40) . Although clinical evidence suggests a strong association of cocaine abuse with myocardial ischemic syndromes, the underlying mechanisms remain unknown (28, 38) . Recent postmortem studies demonstrate histological evidence of accelerated atherosclerosis in subjects with a history of chronic cocaine abuse, which may be a predisposing factor for myocardial ischemia and infarction (6, 9, 11, 23, 30, 39, 49) . However, few experimental studies have examined the effects of chronic cocaine exposure on vessel morphology (9, 27, 35) . Cocaine inhibits the reuptake of norepinephrine by the sympathetic nerve terminals, thereby potentiating the effects of endogenous catecholamines (43) . This effect, combined with central stimulation of sympathetic outflow, elicits transient hypertension and intense vasoconstriction in most vascular beds (12) . Sympathomimetic activation and/or the direct effects of cocaine may lead to endothelial cell injury or dysfunction, which may result in increased influx of atherogenic lipoproteins (47, 48) .
The present study was designed to examine the effect of chronic administration of intravenous cocaine on aortic sudanophilia (fatty streaks) and plaque composition in rabbits fed a high-cholesterol diet. Additionally, the direct effect of cocaine on the permeability function of cultured endothelial cells was also assessed.
MATERIALS AND METHODS
Animal Care. This study was conducted in accordance with the guidelines specified in the &dquo;Guide for Care and Use of Laboratory Animals&dquo; [DHHS publication no. (NIH) 85- 23, revised 1985] . Animal experiments were performed under a research proposal approved by the Armed Forces Institute of Pathology Animal Care and Use Committee.
Animal Model. Thirty-four healthy male New Zealand white rabbits (2-3 kg) were fed a semisynthetic diet (Teklad Inc., Madison, WI) for 10 wk containing 0.5% cholesterol. All animals were initially fed 120-150 g of high-cholesterol diet per day, and the amount eaten was monitored and adjusted to ensure that both control (n = 17) and cocainetreated (n = 17) rabbits consumed equivalent amounts of feed. Animals were individually housed in stainless-steel wire-bottom cages in a temperature-controlled room with a 12-hr light/dark cycle. All rabbits in the study received standard laboratory animal care.
Study Design. During the study, rabbits were randomized to receive intravenous cocaine-hydrochloride at a recreational dose (0.25 mg/kg) generally used by cocaine abusers (15) . Injections were administered twice daily at 6-8-hr intervals. Control animals received an equivalent volume (usually less than 0.3 ml) of vehicle (0.9% physiologic saline). Cocaine and saline injections began concomitantly with high-cholesterol feeding and ended on the day of euthanasia (10 wk of study). Cocaine or vehicle was administered through the marginal ear vein via a no. 26-gauge needle while the animal was maintained in a rabbit restrainer. The injection site on the left or right ear was alternated daily, and vessels remained patent throughout the protocol. Rabbits administered cocaine typically displayed mild agitation, mydriasis, and tachypnea lasting approximately 20-30 min postinjection.
In a separate group of anesthetized (sodium pentobarbital) rabbits, intravenous cocaine (0.25 mg/ kg) produced an increase in mean arterial pressure of approximately 9-11 mm Hg with maximal effects at 1 min, followed by a gradual return to baseline over a 10-15-min period (unpublished data).
Animals were closely followed during the experimental protocol. The daily food intake was monitored, and their weight was taken once a week for adjustment of the cocaine dose and to detect any sudden weight loss.
Total cholesterol and triglycerides were measured on nonfasting plasma samples obtained from the ear vein, at baseline (normal diet), 3, 20, and 40 days post-high-cholesterol feeding and euthanasia. Total circulating leukocytes and platelet counts were performed at baseline (normal diet), 20, and 40 days post-high-cholesterol feeding and euthanasia.
Analysis of Plasma Cholesterol. Blood samples anticoagulated with ethylenediamine tetraacetic acid (EDTA) were promptly separated by centrifugation for the measurement of plasma lipids. Total cholesterol and triglycerides were measured enzymatically by an automated method (2, 37) . Morphologic Evaluation of Aortic Sudanophilia.
At 10 wk into the study, rabbits were deeply anesthetized with sodium pentobarbital (25-30 mg/kg). A final blood sample was obtained and animals were euthanized by exsanguination. The aorta (arch to iliac bifurcation) was removed, trimmed of all adherent fat, cut opened longitudinally, and pinned on a parafhn block with the endothelial surface exposed. Each aorta was immersion-fixed with 4 parts formalin to 1 part glutaraldehyde and stored overnight at room temperature. The aortas were subsequently stained with Sudan IV for macroscopic determination of lipid (sudanophilia) and photographed with high-speed Ektachrome film. Sudanophilia, as evidenced by dark red regions corresponding to the uptake of Sudan IV, was quantitated by digital image analysis at Ohio State University using the methods of Comhill et al (5) . Images were digitized from the 35-mm color slides of the aorta at a resolution of 50 Am using an Eikonix 78/99 digital scanner and were then transferred to an image processing system consisting of a Microvax II (Digital Equipment Corp.) and a Gould IP8400 Display Processor. The stored digital images of the Sudan IV-stained aorta were subdivided into a mosaic of triangular subsections (5) . The images were transformed spatially to standard templates of the opened aorta thereby removing anatomical variation among animals. Standard templates were generated by calculating the average location of the anatomical landmarks for all of the aortas. Images were then edited to remove artifacts and were segmented into sudanophilic and non-sudanophilic areas using the average boundary gradient algorithm to determine a threshold for image segmentation.
A binary image was created by setting all intensity values below the threshold for image segmentation to 1 (i.e., sudanophilic areas) and values above this level to 0 (i.e., normal or non-sudanophilic areas). Binary images of the aorta were stored to calculate percent surface area involved and to create topographic probability-of-occurrence maps. The percentage of sudanophilia was expressed on the basis of total and regional aortic surface area (Fig. 1 ). Probability-of-occurrence maps were generated by calculating the probability of sudanophilia occurring at each point on the entire aortic surface.
Assessment of Plaque Morphology. Five-Am sections were obtained from the thoracic aorta (nearest the aortic arch) for staining with hematoxylin and eosin and Movat pentachrome. Adjacent sections were cut for immunostaining using monoclonal antibodies directed against rabbit alveolar macrophages (RAM-11 ) and smooth muscle cell actin (HHF-35), as previously described (50) . The percentages of intimal macrophages and smooth muscle cells were semiquantified at x 200 magnification (as the percent cell type observed per 5 high-power fields) by an observer blinded to treatment. Plaque thickness was measured at the same magnification using an eyepiece micrometer.
IN VITRO PERMEABILITY ASSAY Endothelial Cell Monolayers
Endothelial cells were isolated from human umbilical veins by mild collagenase treatment as previously described (17) . Cells were seeded into petri dishes coated with human fibronectin and grown to confluency in Medium 199 (Gibco, Grand Island, 1VI~ containing 10% fetal bovine serum (Hyclone,
-Schematic drawing of the rabbit aorta template used to measure the extent of sudanophilia. Sudanophilia was expressed as a percentage of total aortic surface area and by defined regions. The numbers at the bottom of the drawing represent centimeters. Region 1 (R 1 ) corresponds to the proximal 4 cm of the thoracic aorta, R2 the next 6 cm, and R3 to the distal 10 cm of aorta.
Logan, UT), 10% human serum (Sigma, St. Louis, MO), 50 Aglml cell growth supplement (Sigma, St. Louis, MO), 5 U/ml heparin (Sigma, St. Louis, MO), and 25 mM N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid (HEPES). At confluency, cells were released with trypsin/EDTA and transferred to new dishes with a split ratio of 1:3 for further propagation. The cells were confirmed to be of endothelial origin without contaminating smooth muscle cells or fibroblasts by their cobblestone morphology, positive immunofluorescence using an anti-von Willebrand factor VIII antibody, and uptake of acetylated low-density lipoprotein (LDL) (3, 24, 46) . Endothelial cells used in the following study were between passages 1 and 4.
Polycarbonate micropore filters (Millicell @ -PCF, 12 mm diameter, 0.4 Am pore size, Millipore, Bedford, MA) were coated with 0.1 % wt/vol gelatin (Sigma; G 2500) and 10 >g/cm2) human fibronectin (Sigma; F 0895). For passage studies, endothelial cells were released by trypsin-EDTA and seeded on filters at a density of 3 x 105 cells/cm2. Four to six hr after seeding, the nonattached cells were removed. Filters were incubated at 37'C in a humidified atmosphere of 95% air and 5% C02 in culture medium as described above. Endothelial cell monolayers were used for experimentation 48 atmosphere containing 95% air and 5% CO2, Filters were kept on a gyratory shaker during the course of the experiment to minimize unstirred layers. At various time intervals, 100-~1 samples were obtained from the abluminal chamber, and an equal amount of assay media was replaced. All passage experiments were performed in triplicate. The peroxidase concentration was determined spectrophotometrically as described previously and is expressed as ng/ cm2 (33) . Cells growing on polycarbonate filters cannot be clearly visualized by phase-contrast microscopy. The overall competency of the endothelial cell monolayers was assessed by determining the impedance across the endothelium-filter barrier in a special chamber (Endohm°; World Precision Instruments, Sarasota, FL). Transendothelial electrical resistance was determined by passage of a 20-itA AC squarewave current at 50 Hz through the endothelial cell monolayer. The resulting resistance was measured by an epithelial voltohmmeter (EVOM&dquo; ; World Precision Instruments). Endothelial cell resistance was calculated as the total resistance (filter, medium, and endothelial cells) minus the background resistance (filter and medium). At the conclusion of the experiment, representative filters from each treatment group were assessed by scanning and transmission electron microscopy.
Cytotoxicity Assay
A s' Cr-release assay was used to assess the effects of cocaine on endothelial cell injury (19, 44) . Briefly, cells were seeded (7.5 x 104 cells/well) into wells of a 24-well dish in growth media. Twenty-four hr later, the cells were treated with 10 pcilwell Na2~lCr04. The next day the cells were washed (2 x) in HBSS containing 10 mM HEPES to remove unincorporated 5 1 car. Cocaine (100 Am) was added to selected wells, and the amount of ~ 1 Cr released into the supernatant fluid was determined 3 hr later. The per-centage of specific cytotoxicity was calculated by the following formula:
(%) Specific cytotoxicity
Data and Statistical Analysis
Differences in plasma lipids and histologic findings between cocaine and control animals were assessed by Student's t-test. Total and regional differences in sudanophilia among groups were compared using a 1-factor analysis of variance. The distribution of animals on the basis of percent total plaque involvement among groups was determined by chisquare analysis. For HRP transport studies, differences between groups at each time point were compared using a 2-factor analysis of variance and Scheffe's multiple-range test.
RESULTS

Response of the Rabbits to the
Diet and Cocaine Treatment
One control animal died at 9 wk after entering the study and was excluded from the final analysis. Therefore, 16 control and 17 cocaine-treated animals were used for statistical comparisons.
Both groups showed a similar increase in their body weight throughout the experimental protocol. The cocaine-treated rabbits gained an average of 0.36 ± 0.06 kg (range 0.1-0.6 kg) and the placebo group gained an average of 0.38 ± 0.05 kg (range 0.2-0.7 kg). No difference in food intake was observed between groups.
Hematology (Table I) Mean values for total circulating leukocytes were elevated in both groups at euthanasia with respect to baseline, as previously reported with diet-induced hypercholesterolemia (13) . However, no differences were noted between groups (baseline: control 4.7 ± 0.2, cocaine 6.7 ± 0.9 x 103/mm3; euthanasia: control 13.5.8 ± 4.1, cocaine 10.8 ± 3.1 x lO3/mm3). No evidence of thrombocytosis in either group was noted during the experimental protocol (baseline: control 458 ± 66 x 106/mm3, cocaine 341 ± 53; euthanasia: control 411 ± 62, cocaine 377 ± 38 x 106/mm3).
Plasma Lipids
The plasma cholesterol and triglyceride levels were monitored during the entire study. Plasma cholesterol levels showed a rapid and progressive increase TABLE IL-Total and regional aortic sudanophilia and plasma lipids in control and cocaine-treated rabbits fed a highcholesterol (0.5%) diet for 10 wk.a a a Values are expressed as the mean ± SEM. The number in parentheses indicates the number of animals in each group. Rl, R2, and R3 correspond to the first 4 cm of the thoracic aorta, second 6 cm, and final 10 cm of the aorta, respectively. *R1 was found to be significant at p = 0.057. No significant differences were noted in plasma lipids among groups. following the onset of cholesterol feeding that was statistically significant from the 3rd day of cholesterol-rich feeding. Plasma triglyceride levels in the 2 groups did not change throughout the study. Results of the measurement of plasma lipids obtained at euthanasia are summarized in Table II . There were no statistically significant differences between control and cocaine-treated rabbits with respect to plasma total cholesterol and triglycerides.
Effect of Cocaine on Aortic Sudanophilia
At the completion of the study, the aortas were analyzed for the presence of sudanophilic lesions. All the animals showed the typical atherosclerotic lesion distribution and characteristics of the cholesterol-fed rabbit model. Invariably, lesions consisted of fatty streaks, affecting mainly the aortic arch and the descending thoracic aorta. Areas of bifurcation (intercostal ostia) were also prominently affected. Sudanophilia was maximal in the proximal thoracic aorta in both groups, whereas the abdominal aorta was minimally involved.
The prevalence of aortic sudanophilia in saline and cocaine-treated animals is summarized in Table   II . The percentage of total aortic sudanophilia was greater in cocaine-treated animals (27 ± 0.04) versus controls (17 ± 0.03); however, these differences were not statistically significant (p = 0.11). When sudanophilia was expressed by regions, statistical significance among groups was achieved in the proximal aortic segment Rl (p -0.057). Animals subgrouped according to percent total plaque involvement (Table III) showed a significant increase in the distribution of rabbits with a greater extent of sudanophilia in the cocaine-treated group as compared with controls (p = 0.01). Probability-of-occurrence and difference maps of sudanophilia involving the thoracic aorta of animals from control and cocaine-treated groups are shown in Fig. 2 . Probability difference maps show a greater prevalence of sudanophilia in animals administered cocaine when compared with the control group.
Histologic Findings
Histologic sections of the ascending aorta adjacent to the aortic arch from cocaine and control animals showed that plaques consisted predominantly of foam cells with few interspersed smooth muscle cells. Immunohistochemical staining confirmed these two cell types. There was an increase in the percentage of macrophages, smooth muscle cells, and mean intimal thickness in cocaine-treated animals when compared with controls; however, values did not achieve statistical significance (Table   IV ).
Effect of Cocaine on Endothelial Monolayer Permeability
Human umbilical vein endothelial cells seeded at high density on gelatin-and fibronectin-coated polycarbonate membranes formed a monolayer of closely apposed cells (at 48 hr) connected by junctional complexes (Fig. 3A, B ). Small gaps between endothelial cells were occasionally observed ( < 1 % of endothelial cells) in both control and cocaine-treated filters. The occurrence of small gaps in endothelial cells cultured on porous membranes has been previously reported (1) . Endothelial cells impeded the flow of electrical current. The electrical resistance of the confluent endothelial monolayers was 9.2 ± 1.3 Q'cm2 (n = 7). HRP passage across micropore filters in the presence and absence of endothelial cells is shown in Fig. 4 . Endothelial cells markedly restricted the transfer of HRP, as compared to its TABLE IIL-Distribution of animals according to percent plaque involvement. a  FIG. 2. -Probability-of-occurrence maps of sudanophilic areas in the thoracic and upper abdominal aorta in cholesterolfed rabbits chronically treated with cocaine or normal saline (control). The upper two maps are displayed in banded incidence isopleths (white-yellow 0-10%; yellow 10-20%; orange 20-30%; red-brown 30-40%; brown 40-50%; black 50-60%). The difference map (bottom) represents the point-by-point differences between the probability-of-occurrence map of cocaine-treated animals minus the probability-of-occurrence map of control animals. The differences in these probabilities are represented in gray when this value is less than 5% (i.e., -5 to + 5). Increasing shades of blue are used to denote areas where the cocaine-treated animals have greater probability (light blue: 5-10%; medium blue: 10-15%; dark blue: > 15%). Regions in which the control animals have a greater probability for sudanophilic lesions than cocainetreated animals are presented in increasing shades of green (light green: -5 to -10%; medium green: -10 to -15%; dark green: < -1 ~%). On the basis of this analysis, it appears that cocaine-treated animals have in general, a greater (10-15%) probability-of-occurrence of sudanophilia. transfer across the filters alone (Fig. 4, inset) . When HRP was added to the luminal compartment to filters seeded with endothelial cells, a linear passage of peroxidase was observed over a 6-hr period in both control and cocaine-treated monolayers. Addition of cocaine to the assay medium resulted in a rapid increase in the passage of peroxidase, and this was sustained throughout the experiment. However, HRP transport was significantly greater than control filters at 30 min and 1 hr posttreatment (p = 0.003 and p = 0.02, respectively; from 6 independent experiments performed in triplicate). 
Effect of Cocaine on Endothelial Cell Cytotoxicity
Endothelial cells following 3 hr of cocaine exposure did not demonstrate a significant increase in the percentage of killed cells (10 ± 1 °lo) when compared with untreated cells (8 ± 1 %, mean ± SEM). Experiments were performed in triplicate using endothelial cell isolates from 3 different donors.
DISCUSSION
In the present study, an increased prevalence of aortic sudanophilia was noted in cholesterol-fed rabbits chronically treated with intravenous cocaine versus controls. Histologic evaluation of sudanophilic lesions showed no significant differences in the cellular composition (macrophages, smooth muscle cells) or increase in mean plaque thickness. As plaque composition did not vary between groups, endothelial cell permeability studies were performed. HRP transport studies showed that cocaine caused a significant increase in the permeability function of endothelial cells. Collectively, these data suggest that chronic administration of intravenous cocaine to cholesterol-fed rabbits increases the prevalence of aortic sudanophilia possibly through a mechanism involving increased vascular permeability.
Recent postmortem studies in patients have emphasized that accelerated atherosclerosis may be an important etiologic factor in cocaine-induced myocardial ischemic syndromes (6, 39, 49) . In a preliminary report, Eichhorn et al demonstrated in the coronary arteries of chronic cocaine abusers, a 2-fold increase in cross-sectional area luminal narrowing by atherosclerotic plaque when compared with ageand sex-matched controls (11) . We have recently conducted a retrospective analysis of aortic sudanophilic lesions in young (mean age, 25 yr) asymptomatic cocaine abusers. After controlling for known risk factors for atherosclerotic disease, cocaine abuse was the only significant predictor of the extent of sudanophilia in both the thoracic and abdominal aorta (29) . The results of this study suggest that chronic cocaine abuse increases the prevalence of aortic sudanophilia in man independent of traditional risk factors.
Clinical and experimental studies have demonstrated an interaction between sympathetic nervous activity and lipoprotein metabolism (7) . In cholesterol-fed rabbits, pharmacologic doses of norepinephrine significantly increased total serum cholesterol, triglycerides, and phospholipids (41) . The catecholamine effect on lipoproteins in these animals was primarily due to elevation of very lowdensity lipoproteins and LDL (11) . Chronic administration of cocaine has been shown to increase the concentration of norepinephrine in serum and tissues (22) . Total cholesterol and triglyceride values in the present study were similar in both groups despite a statistical increase in the frequency of sudanophilia, suggesting that increased plasma cholesterol alone is not a likely mechanism of increased sudanophilia associated with cocaine. However, the possibility that the composition of lipids in the aortic wall was altered by chronic cocaine cannot be excluded.
The sympathomimetic effects of cocaine are both clinically and experimentally associated with transient hypertension and vasoconstriction ( 15, 25, 31 ) . The cholesterol-fed rabbit model typically develops atherosclerosis in the thoracic aorta and at sites demonstrating increased endothelial cell turnover (36, 52) . It is in these high-risk areas that sustained (3 hr) sympathetic activation causes endothelial injury in the rabbit (42) . The relationship between hemodynamic factors and atherogenesis is complex; it is conceivable that the sympathomimetic effects of cocaine may accelerate aortic sudanophilia. However, at least in the rabbit, cocaine-induced hyper- experiments. Note the significant increase in peroxidase transport in cocainetreated filters (*p = 0.03 at 30 min and p = 0.02 at 1 hr of passage, cocaine vs control filters). tension is transient (lasting < 15 min) and is, therefore, unlikely to be the predominant mechanism.
Recent experimental evidence suggests that cocaine may directly cause functional or anatomical abnormalities of the vascular endothelium facilitating cocaine-induced atherosclerosis. Local anesthetics at high concentrations block calcium channels (thus limiting calcium influx from extracellular stores), thereby inhibiting membrane phospholipases (32, 51) . Impaired synthesis of vasodilator prostanoids such as prostacyclin has been demonstrated in umbilical arteries from pregnant cocaine users and rabbits after long-term cocaine use (4, 9) . In addition, local anesthetics such as bupivacaine, lidocaine, etidocaine, and 2-chloroprocaine selectively inhibit endothelium-dependent vasodilator mechanisms (44) . In a preliminary report, Eichhom et al have shown abnormal endothelium-dependent relaxation of coronary arteries in patients abusing cocaine (10) . Other studies report that chronic cocaine use also causes a loss of endothelial cell integrity (16, 26) .
In the present study, we examined the direct effects of cocaine on endothelial cell monolayer permeability. This experimental model has been well characterized and displays some of the features that resemble in vivo endothelial cells (33, 34) . The electrical resistance of our endothelial cell monolayers was 9.3 ::t 1.3 Q. cm2, which is similar to previously reported results (21, 54) . Cocaine induced a rapid transient increase in the passage of HRP through endothelial monolayers with maximal differences noted at 30 min and 1 hr compared with control filters. This desensitization of the cocaine response may be the result of its breakdown to an inactive metabolite (14) . It is possible that cocaine increased permeability by producing lethal endothelial cell injury ; however, endothelial cell viability as assessed by 5' Cr-release assay was not significantly different from controls. The association of cocaine and increased endothelial cell permeability in the absence of nonlethal injury is speculative. Cocaine activates the inositol phosphate pathway and therefore may interfere with the maintenance of normal calcium homeostasis (8, 18) . Although a specific site of action of calcium has not been identified, calcium is required for regulation of cytoskeletal structure, an important determinant of endothelial monolayer integrity (20, 45) .
Study Limitations
Although human umbilical endothelial cells were used as a model of permeability, the effects of cocaine in this setting may not be directly comparable to those observed in aortic endothelial cells in an in vivo model of permeability (20) . However, fatty streaklike lesions have been demonstrated in an in vitro model culture system using human umbilical vein endothelial cells, and, in this respect, the use of these cells to study events leading to the initiation and progression of atherosclerosis may be justified (53) . We chose HRP as an indicator of molecular transport because it is a well-characterized protein in endothelial permeability assays. Additionally, atherosclerosis is a complex disorder involving other cell types (monocyte/macrophages, T lymphocytes, and smooth muscle cells), and it is possible that cocaine may accelerate atherosclerosis by affecting the function of these cells as well.
